Background. The Bacillus anthracis poly-g-D-glutamate capsule is essential for virulence. It impedes phagocytosis and protects bacilli from the immune system, thus promoting systemic dissemination.
during infection is dependant on the presence of the capsule [5, 6] . The capsule is exclusively composed of a highly repetitive polymer of poly-g-d-glutamate (gPDGA). It is produced by the capBCAE operon products [7, 8] and is anchored to the bacterial peptidoglycan by the CapD gene product [7, 8] . Some gPDGA filaments are released into the external medium or remain noncovalently associated to the B. anthracis surface [7] ; circulating gPDGA has even been suggested as a marker for immunodiagnosis and the prognosis of anthrax [9] . Some of the mechanisms by which the capsule is able to subvert host defenses were described many years ago. The capsule impedes phagocytosis [10, 11] . The mechanisms of this inhibition are still largely unknown. The capsule is poorly immunogenic and behaves as a thymus-independent type 2 antigen [12] ; this is most probably related to the highly repetitive structure, its enantiomeric content, and the g linkage of the gPDGA filaments [13, 14] . It thus eludes recognition as an antigen by the immune system and protects the other surface antigens by shielding them from the circulating antibodies.
In this study, we hypothesized that the polyglutamate capsule surrounding B. anthracis could interact with host tissue surfaces during infection and thus play an active role in tissue dissemination and potentially in toxin delivery. We show that B. anthracis capsule interacts closely with the liver endothelium, trapping the bacteria within this vital organ.
MATERIALS AND METHODS
B. anthracis strains and mice. Outbred OF1 female mice (weight, 22-24 g) were purchased from Charles River and housed in the animal facilities of the Institut Pasteur, which is licensed by the French Ministry of Agriculture, in compliance with European regulations. The protocols were approved by the Institut Pasteur Safety Committee according to the standard procedures recommended by the Institut Pasteur Animal Care and Use Committee. The B. anthracis strains used were the DpagA 9602P (mean lethal dose, !25 spores subcutaneously in mice) [15, 16] , and its rough derivative 9602PR cured of the pXO2 plasmid by incubation in a 20% CO 2 atmosphere at 37ЊC, as described elsewhere [17] ; this strain is avirulent, because it lacks B. anthracis major virulence factors, capsule, and toxins. Purified spores were prepared as described elsewhere [18] . A bioluminescent derivative of the DpagA 9602P, expressing the lux operon of Photorhabdus luminescens under the control of the highly in vivo expressed promoter pagA, was also used [19] .
Infection experiments. For cutaneous infection with spores, spore suspensions in phosphate buffered saline (PBS; 10 mL) were injected into the ear [19] . For infection with the DpagA 9602P encapsulated bacilli or the nonencapsulated 9602PR control bacilli, spores were incubated in brain heart infusion (BHI) (Difco) for 5 min to ensure germination, washed, and transferred into R medium supplemented with 0.6% NaHCO 3 for 1 h at 37ЊC with agitation [20, 21] . The presence of capsule for the DpagA 9602P bacilli was checked by light microscopy with India ink staining. After washing, the bacilli were resuspended in 0.15 M NaCl, and the suspension of bacilli was injected intravenously. Unless otherwise stated, intravenous injection was performed into the caudal vein. In some experiments, to ensure that the maximum of bacteria reached the liver, injection was performed directly into the portal vein in anesthetized animals.
The inoculum size was verified retrospectively by plating 10fold serial dilutions of the inoculum on BHI agar plates. When indicated, capsule polyglutamate (30 mg), purified as described elsewhere [7, 22] , was preinjected into the portal vein 2.5 min before intravenous injection of the encapsulated or control nonencapsulated bacilli into the caudal vein. In some experiments, to eliminate the blood present in the vascular compartment of the liver, liver perfusion was performed as described elsewhere [23] .
To determine bacterial loads, liver, spleen, lungs and kidneys were removed, and blood was collected at specific time points after infection. Organs were homogenized in 5 mL of PBS; 10fold serial dilutions were plated on BHI agar plates, and colonyforming unit (CFU) counts were determined. Results are expressed as mean ‫ע‬ standard error of the mean (SEM) log 10 CFU per organ or per mL of blood, with at least 4 animals per group.
Histological analysis. Livers were obtained 22 h after ear subcutaneous inoculation ( 9602P spores; 8 mice), 6 h 4 1 ϫ 10 after intravenous injection ( encapsulated bacilli; 2 6 3.4 ϫ 10 mice), and 5 min after intraportal injection of 30 mg of capsule polyglutamate (3 mice). The whole livers were fixed in 4% neutral buffered formalin for 1 week, then different sections were realized for the microscopic observation: through (1) the left lateral lobe; (2) the left and right medial lobes, including the gall bladder; and (3) the caudate lobe. The samples were embedded in paraffin, and serial 5-mm sections were cut and stained with hematoxylin and eosin and Gram stains [24] . Encapsulated bacilli were detected by immunohistochemistry, as described elsewhere [25] , with use of a rabbit polyclonal antiserum specific for capsule polyglutamate [7] .
Blood chemistry analysis. To evaluate the functional repercussion of the infection on the liver, 2 markers for the assessment of hepatocellular injury, alanine aminotransferase (ALT) and aspartate aminotransferase (AST), were assayed in blood samples. Plasma samples were collected from heparintreated control mice and mice that were infected subcutaneously into the ear with spores of the bioluminescent encapsulated 9602P strain. Sampling was performed when the mice were at the systemic dissemination stage (ie, were displaying bioluminescent spleen, lungs, and liver), between 24 and 33 h after infection. Heparinised blood samples were filtered through a 0.22-mm filter (Millipore) for sterilization. ALT and AST quantification was then performed using the Vet-test 8008 and the corresponding dry slides (Idexx Laboratories).
Statistical tests. Results are expressed as mean values ‫ע‬ SEM. Statistical significance was determined by Student's t test, and was considered to be statistically significant. P р .05
RESULTS

Rapid clearance of B. anthracis from the blood and targeting of the liver.
To determine how the capsule interacts with the host tissues to provoke an uncontrolled infection, we inoculated mice intravenously with either encapsulated nontoxinogenic B. anthracis bacilli or its nonencapsulated (and thus avirulent) nontoxinogenic derivative bacilli and characterized bacterial clearance from the bloodstream. Blood clearance of nonencapsulated bacilli was rapid, with a mean (‫ע‬SEM) of 3.4% ‫ע‬ NOTE. Mice were injected intravenously in the caudal vein with encapsulated or nonencapsulated bacilli of the 9602P or 9602PR B. anthracis strain, respectively. Five minutes after injection, bacterial load was determined in the liver, spleen, lungs, and kidneys. SEM, standard error of the mean. Mice were injected either intravenously with encapsulated (9602P strain) or nonencapsulated (9602PR strain) bacilli or subcutaneously with spores of the encapsulated 9602P strain. Livers were either perfused at the time of removal or not perfused. Livers were then homogenized and the number of CFU per liver determined as described in Materials and Methods. No statistically significant difference was observed between values for nonperfused and perfused livers with use of the Student's t test. CFU, colony-forming units; NS, not significant; SEM, standard error of the mean. of the inoculum ( ) remaining in the bloodstream 1.1% n p 8 5 min after intravenous inoculation.
On the basis of previous studies of the antiphagocytic role of the capsule [11, 26] , it was expected that the encapsulated bacilli would remain as nonphagocytosed free circulating bacteria in the blood for a prolonged period of time. However, bacterial clearance was unexpectedly rapid for the encapsulated bacilli, with only of the inoculum ( ) re-7.9% ‫ע‬ 1.3% n p 18 maining in the bloodstream 5 min after intravenous inoculation. The liver retained a major proportion of the inoculated encapsulated bacilli (77% of the recovered bacteria; Table 1 ). The spleen harbored 10.7%, whereas the bacterial load in the lungs and the kidneys was low (2.3% and 0.3%, respectively). This organ distribution of encapsulated B. anthracis bacilli was similar to the distribution observed with nonencapsulated bacteria (Table 1) .
Capsule-mediated interaction of B. anthracis with the liver. Five minutes after intravenous injection of encapsulated bacilli, the mean bacterial load (‫ע‬SEM) was log 10 bacteria 6.15 ‫ע‬ 0.05 per mL (ie, bacteria) in the liver and log 10 6 1.4 ϫ 10 4.92 ‫ע‬ 0.12 bacteria per mL (ie, bacteria) in the blood ( ). 4 8.3 ϫ 10 n p 12 The volume of blood present in the liver vascular spaces is estimated to be ∼120 mL per liver [23] ; this gives an estimated CFU count of bacteria in this blood volume, repre- 4 1 ϫ 10 senting only 0.7% of the bacterial load found in the liver. This suggested that the majority of the bacilli in the liver were not free-circulating bacteria in the blood irrigating the liver, raising the possibility that encapsulated B. anthracis interacts with the liver tissue. To test this hypothesis, we infected mice intravenously with encapsulated bacilli, either into the caudal vein or directly into the portal vein upstream from the liver, to target the bacteria to the organ. Five minutes after the injection, we eliminated the blood present in the liver vascular spaces through extensive perfusion of the liver. B. anthracis CFU were then quantified in perfused and nonperfused livers. As shown in Table 2 , perfusion of the liver did not modify the bacterial load in the liver (no statistically significant difference was noted). This result shows that encapsulated B. anthracis could not be dislodged from the liver and suggests a close interaction between the encapsulated bacteria and the liver tissue.
A gPDGA capsule completely surrounds the bacilli in vivo. It was thus likely to be responsible for the bacterial retention within the liver tissue. To test this hypothesis, we performed an in vivo competition assay by injecting purified gPDGA into the portal vein 2.5 min before intravenous inoculation (into the caudal vein) of the encapsulated bacilli. Histological analysis A and B) . Poly-g-Dglutamate (30 mg) was injected directly into the portal vein, and 5 min later, the livers were processed for immunochemistry analysis with a polyclonal antiserum directed against Bacillus anthracis capsule polyglutamate (A); control liver is also shown (B). C-I, Mice were injected intravenously (via the caudal vein) with encapsulated bacilli (6.53 log 10 CFU), and the liver was removed 6 h later for histological analysis. A minimal, multifocal neutrophilic hepatitis was observed, characterized by (C) randomly distributed intrasinusoidal infiltrations of neutrophils (arrows) resulting in focal dilatations of these sinusoids (inset). Bacteria were mainly located in the vascular spaces. In the central vein, bacteria could be detected in the lumen (D) or along endothelial cells (E). In the sinusoids, bacteria were almost always detected in close contact with endothelial cells (F), either alone (G) or in small clusters (H). Small groups of bacteria could also be detected in the neutrophilic infiltrates (I). A and B show immunolabeling counterstained with hematoxylin, C shows hematoxylin and eosin staining, and D-I show Gram staining. with anti-gPDGA antibodies shows deposits of polyglutamate along the sinusoids ( Figure 1A) . Preinjection of the gPDGA significantly decreased the encapsulated B. anthracis bacterial load within the liver tissue (65% inhibition; Table 3 ). These observations confirm that encapsulated B. anthracis are able to rapidly interact with liver tissue via its capsule.
The specificity of this inhibition was tested by checking the effect of polyglutamate injection on the interaction of the nonencapsulated B. anthracis bacilli in the liver. Nonencapsulated bacilli were also trapped in the liver; perfusion of the liver 5 min after intravenous injection of nonencapsulated bacilli did not modify the liver bacterial load ( Table 2 ). In contrast to encapsulated bacilli, the retention of nonencapsulated bacilli was not inhibited by intraportal preinjection of gPDGA (Table  3 ). These observations show that nonencapsulated B. anthracis interact with liver tissue by a mechanism that is different from that by which encapsulated bacilli interact with liver tissue.
We then determined whether initial adhesion of the bacteria within the liver could be a short-term phenomenon. Mice were injected intravenously with encapsulated bacilli, and the bacterial load in the liver was determined at 5 min, 30 min, and 60 min after injection (Figure 2 ). A 58% decrease was observed between the levels determined at 5 min and 30 min ( ), P ! .001 but no statistically significant difference existed between levels determined at 30 min and 60 min.
The distribution of the bacteria in the liver was studied 6 h after the intravenous injection of the encapsulated bacilli, at a time when the bacteria could technically be detected by histological analysis. (Figure 1 )The livers displayed minimal inflammatory lesions that were multifocal and randomly distributed. They were characterized by focal dilatations of hepatic sinusoids (up to 100 mm in diameter) associated with intrasinusoidal accumulation of neutrophils ( Figure 1C ). Using Gram staining, bacteria could be detected in the vascular spaces, mainly in the central vein ( Figure 1D and 1E ) and the sinusoids ( Figure 1F-H) . They were almost always located along endothelial cells ( Figure 1E-H) , either alone ( Figure 1E -G) or grouped in small clusters ( Figure 1H ). Small clusters of bacteria were also observed in the neutrophil infiltrates ( Figure 1I ).
Close interaction between encapsulated B. anthracis and liver endothelium. The experiments described above were performed after intravenous injection of bacilli. This does not represent a natural route of infection. We thus asked whether the interaction between encapsulated B. anthracis and liver tissue also occurs during a natural infection. Mice were inoculated subcutaneously with 4 log 10 spores of the encapsulated 9602P strain. Twenty-two hours after inoculation, the CFU count was determined in liver and blood specimens. The results that were obtained were similar to those obtained after intravenous infection. The mean (‫ע‬SEM) bacterial load was log 10 6.3 ‫ע‬ 0.3 bacteria (ie, bacteria) in liver ( ) and 6 2 ϫ 10 n p 10 5.4 ‫ע‬ 0.4 log 10 bacteria per mL (ie, bacteria per mL) in blood specimens. The number of CFU in the blood volume that is present in the liver (120 mL) is thus estimated at CFU, 4 3 ϫ 10 representing 1.5% of the bacterial load found in the liver.
To confirm that the encapsulated bacteria interacted with the liver tissue, the infected livers were perfused to remove the blood and the free-circulating bacteria present in the vascular spaces of the liver. The CFU count in perfused livers was not different from that in nonperfused livers ( Table 2 ; no statistically significant difference), which showed that encapsulated B. anthracis circulating in the blood at this stage of systemic dissemination were trapped in the liver.
To determine the localization of the bacteria and thus visualize the interaction between encapsulated B. anthracis and liver tissue in these spore-infected animals, we studied the dis-tribution of the encapsulated bacteria within the infected liver and the tissue response ( Figure 3 ). The dynamics of infection, although similar, were not synchronous in all infected mice. At the time of necropsy (22 h), different clinical manifestations were observed, with mice displaying clear clinical signs (ruffled hair and severe apathy) or a clinically normal phenotype.
The hepatic lesions and bacteria distribution were very similar to those observed after intravenous inoculation. The livers displayed minimal-to-mild inflammatory lesions that were multifocal and randomly distributed and were characterized by focal dilatations of hepatic sinusoids; however, they were larger than those observed after intravenous inoculation (up to 200 mm in diameter) and were associated with intrasinusoidal accumulation of neutrophils ( Figure 3A) . The number of neutrophils in the infiltrates varied greatly, from !20 cells to 1100 cells. The larger infiltrates contained a high proportion of neutrophils displaying a fragmented nucleus ( Figure 3A ). Hepatocytes located along the dilated sinusoids displayed a pavimentous atrophy probably attributable to compression by the sinusoid dilatation. Some of them also presented a highly acidophilic cytoplasm and highly basophilic condensed nucleus, indicative of ischemic necrosis ( Figure 3A) .
As after an intravenous inoculation, B. anthracis was found in the hepatic vascular spaces, very often in close contact with endothelial cells in the sinusoids, the central veins, and the branches of the portal veins ( Figure 3B-E) ; it was also occasionally found in close contact with the hepatic artery endothelium (data not shown). Surprisingly, although numerous bacteria were present in the sinusoids (Figure 3F) , the inflammatory response was minimal; no inflammatory cells were detected around the bacteria in the majority of vascular spaces. In the central and portal veins, the bacteria were either aligned along the endothelium or formed microcolonies in an amorphous granular material labeled by anti-gPDGA antibodies ( Figure 3B-D) . Erythrocytes were often present in these bacterial microcolonies, their surface labeled by the anti-gPDGA antibodies ( Figure 3C and 3D) . No labeling was observed in normal noninfected livers (data not shown).
Despite numerous bacteria and polyglutamate deposits, almost no cellular alterations of the hepatocytes were observed on histological analysis. We checked for early signs of cellular suffering by measuring plasmatic levels of hepatic enzymes AST and ALT. We used a bioluminescent 9602P B. anthracis strain to follow in real time the kinetics of infection and to ascertain that the mice were at the systemic dissemination stage at the time that blood samples were taken (bioluminescent spleen, lung, and liver; 24-33 h after infection) [19] . Enzymatic levels were found to be increased when the mice displayed clear clinical signs (2 of 3 mice; AST level, 380 and 533 IU/mL; ALT level, 81 and 120 IU/mL), compared with control values (mean AST level ‫ע‬ SEM, IU/mL; mean ALT level ‫ע‬ SEM, 225 ‫ע‬ 37 IU/mL;
). Mice that still displayed a clinically 49 ‫ע‬ 5 n p 4 normal phenotype had mean AST and ALT values (‫ע‬SEM) in the normal range (AST level, IU/mL; ALT level, 226 ‫ע‬ 22 IU/mL; ); from our published and unpublished 53 ‫ע‬ 8 n p 4 data, mice at this stage would nevertheless die in !5 h [19] . Because death occurs extremely rapidly, biological signs of hepatic failure are detectable only at the terminal stage.
DISCUSSION
In this study, we show that, in addition to its recognized antiphagocytic and nonimmunogenic properties, the gPDGA capsule surrounding B. anthracis mediates close interactions between the encapsulated bacteria and liver endothelium, leading to retention of the bacteria in the liver. The mechanism underlying this interaction was extremely efficient, as shown by the rapid clearance of the encapsulated bacteria from the blood. The bacteria remained in the vascular spaces closely associated with the vascular endothelium. They formed microcolonies containing capsule polyglutamate. This substance could play a role in protecting these bacteria against potentially bactericidal cellular or soluble components of the immune system [26, 27] or in impeding antibiotic diffusion during therapeutic intervention. It could also provide a favorable microenvironment for the multiplying bacteria by retaining salts and nutrients.
Capsular polyglutamate is naturally released during infection through the action of CapD [7, 28, 29] . A recent report has suggested that detection of gPDGA in the serum and urine could assist in the diagnosis and prognosis of anthrax infection [9] . By studying the pharmacokinetics of intravenously injected gPDGA, thus mimicking natural shedding during infection, Sutherland et al [9] showed rapid clearance of gPDGA, with a half-life of !0.13 h for low doses. The authors also observed preferential accumulation along the hepatic sinusoidal endothelium.
In our study, we show that the anchored capsule, by mediating retention of bacteria in the liver, provides an additional virulence mechanism for B. anthracis. It is considered that the bacteria reach the blood from the initial infection site through the lymphatic system [1] and initially colonize the spleen [19] . Interestingly, the splenic vein connects with the portal vein, which irrigates the liver. Bacilli exiting from the spleen will thus be retained in the liver through interaction of the polyglutamate capsule with the liver endothelium.
In wild-type strains of B. anthracis, which are both encapsulated and toxin-producing, such capsule-mediated focalization of toxin secretion would be expected to increase the local concentration of toxins, leading to targeted toxic activity and liver dysfunction. Indeed, in the clinical reports of the 2001 anthrax attack [30] , 9 of the 10 patients infected by means of inhalation had elevated hepatic enzymes at hospital admission.
Bacilli were found in the liver of 3 of 4 patients in another study [31] and in experimentally infected monkeys [32] . Liver lesions have also been observed in infections with the toxinproducing nonencapsulated Sterne strain in A/J mice [33] . Among the reported systemic effects, injection of pure lethal and edema toxins into the vascular system in mice leads to liver dysfunction, as indicated by increased hepatic transaminase levels and decreased serum protein levels [3, 34, 35] . Targeted secretion of lethal toxin along the liver endothelium may thus increase the toxic effects reported by Moayeri et al [35] : hypoxia, vascular damage, and hepatocyte necrosis. Furthermore, the hepatic vascular system has the characteristic of being a portal vascular system (ie, the major part of the entering blood flow is venous, with a low oxygen content). Capsule deposits on the endothelia may interfere with oxygen exchange, further lowering an already reduced oxygen content and thus acting synergistically with lethal toxin to increase local hypoxia [35] .
The retention of nonencapsulated B. anthracis in the liver was not inhibited by injection of gPDGA. The mechanisms underlying retention of nonencapsulated bacilli are thus different from those observed for encapsulated bacilli. Indeed, because of the absence of the capsule, potential bacterial surface adhesins are in direct contact with the cellular environment (eg, S-layer, surface proteins, and glycoconjugates [36, 37] ). One of the consequences of this initial adhesion step would be phagocytosis by macrophages, because the bacteria are not protected by a capsule. Nonencapsulated B. anthracis are readily phagocytosed by macrophages or dendritic cells [11, 26] . This is in keeping with many studies involving other nonencapsulated gram-positive and gram-negative bacteria that have shown efficient phagocytosis by phagocytic cells [38] [39] [40] . However, during natural infection, B. anthracis is encapsulated. It produces its major virulence factors-the toxins and capsule-in the host tissues. We have previously shown, with use of bioluminescent bacteria, that the patterns of dissemination for encapsulated and nonencapsulated B. anthracis are markedly different from one another [19, 41] . The presence of the polyglutamate capsule thus modifies the in vivo interactions between the bacteria and tissues [19, 41] .
Among other organisms that produce polyglutamate filaments [13] , Staphyloccocus epidermidis is one of the major cause of hospital-acquired infection, leading to chronic infection as a result of biofilm formation and frequent antibiotic resistance [42] . The polyglutamate attached to the bacterial surface was shown to be critical for virulence in a murine experimental model, probably by protecting the bacteria against antimicrobial peptides and neutrophil phagocytosis [42] . The gram-negative pathogen Francisella tularensis has also been shown to possess a polyglutamate synthesis locus that is essential for virulence [43] . Polyglutamate exposed on the surface of mi-croorganisms or shed in the extracellular milieu could thus be a general mechanism of virulence.
In conclusion, we show that, in addition to its inhibitory effect on the interaction with the immune system, the capsule surrounding B. anthracis plays an active role in mediating the trapping of bacteria within the liver. This interaction represents a new mechanism by which B. anthracis colonizes its host and potentially plays a role in the pathogenesis of anthrax through the localized secretion of toxins or toxic components.
